In New Zealand, pastoral farming for dairy and meat production is the major land use. As with any agricultural production system, weeds are a threat to efficient pasture production in New Zealand. In this review, we outline the problems caused by weeds in New Zealand pastures, and the management strategies being used to control them. There are currently 245 plant species from 40 plant families that are considered to be troublesome weeds in New Zealand pastures. The application of herbicides is an important approach to manage weeds in New Zealand pastures; however, a key to the success of these pastures is the use of clovers in combination with the grasses, so the challenge is to find herbicides that selectively control weeds without damaging these legumes. The use of spot spraying and weed wiping are often required to ensure selective control of some weed species in these pastures. Non-chemical agronomic approaches such as grazing management and using competitive pasture species often play a more important role than herbicides for weed management in many New Zealand pastures. Thus, integrated weed management using a combination of herbicides and good pasture management strategies leads to the most cost-effective and efficient control of pasture weeds in New Zealand.
Introduction
It has been estimated that current world food production needs to increase by 70-100% in order to meet the world food demand in 2050 [1] . Livestock products such as milk and meat contribute greatly to the global consumption of protein and kilocalories [2] . Hence, increasing livestock production is considered necessary for the future world food demand [3] . New Zealand livestock production contributes to the global food supply, with dairy products accounting for 3% of total world production [4] .
Weeds are unwanted plants and are regarded as one of the biotic impediments to world agricultural production [5] . If left uncontrolled, weeds not only influence the quantity (i.e., yield) of the desirable plants but also affect the quality of the crops [6] . Effective weed management measures have always been crucial for successful agricultural production. Before the advent of herbicides, the common methods of weed control included crop competition and physical removal of weeds such as by cultivation or hand-weeding [7] . However, since their advent, the application of herbicides has become the most popular method for weed control [7, 8] .
In New Zealand, pastoral farming for dairy and meat production is the major land use, with most livestock production involving feeding animals outdoors on pastures throughout the year. Most pastures in New Zealand consist of a mixture of grasses and clovers [9] . While perennial ryegrass (Lolium perenne L.) is the most common grass species sown for permanent pasture, other species such as Festuca arundinacea Schreb. and Lolium multiflorum Lam. may also be used [9] . The most popular clover species sown in New Zealand pastures is white clover (Trifolium repens L.), although mixes with subterranean clover (Trifolium subterraneum L.) and red clover (Trifolium pretense L.) are also common [9, 10] . As with any agricultural sector, weeds are a threat to pasture production in New Zealand as they reduce the quality and the quantity of the fodder produced for the animals. In New Zealand pastures, a plant is regarded as a weed if it is not sown from seeds [10] . In pastures, weeds can reduce pasture persistence, utilization and production [11] , and these weeds can cost farmers millions of dollars per annum [12] . Therefore, pasture weeds in New Zealand need to be managed appropriately to reduce their economic impacts [13] .
In this review, we outline common weeds that are threatening pastures in New Zealand and discuss different management practices that are being used to control them. The last review on weed management in New Zealand pastures was published more than a decade ago [14] , so here we focus on recent developments. We discuss recent research that has been undertaken to improve weed management practices in New Zealand pastures, and outline other research that is needed to help improve weed management in New Zealand pastures.
Common Weeds in New Zealand Pastures
We list the plant species considered to be weeds for New Zealand pastures. This was done by listing species, from two New Zealand weed identification books [15, 16] , that were described as being found in pastures (Table 1) . Those species considered worthy of inclusion in these books written by some of New Zealand's leading weed scientists were deemed important enough to include in Table 1 . It does not include the arable cropping annuals often found in new pastures, but which disappear rapidly once pastures have been grazed several times. In total, this gave us a list of 245 species from 40 different families. Nearly 47% of the 219 plant species belong to the Poaceae (59 species) and Asteraceae (42 species) families. Bourdôt et al. [14] reviewed and ranked the most important weeds in pastures based both on the numbers of manuscripts published on individual weeds and farmer surveys. The top ten most important weeds when considering published papers were Ulex europaeus L., Critesion spp., Jacobaea vulgaris Gaertn, Carduus nutans L., Cirsium arvense (L.) Scop., Ranunculus acris L., Rubus fruticosus L., Cytisus scoparius (L.) Link, Achillea millefolium L. and Juncus sarophorus L.A.S.Johnson. According to the farmer surveys, the most important weed species were considered to be Critesion spp., Ulex europaeus, Carduus nutans, Cytisus scoparius, Rosa rubiginosa, Discaria toumatou Raoul, Pilosella spp. and Coriaria spp. [14] . Bourdôt et al. [14] stated that the lack of agreement between research studies and farmers in rankings of importance of pastoral weeds was due to a lack of unbiased information about the impact and cost of weeds in pastures. The most recent estimate for annual cost of pastoral weeds showed that Cirsium arvense causes the most production losses in New Zealand pastures followed by Setaria pumila (Poir.) Roem. et Schult., Ranunculus acris, Ulex europaeus, Nassella trichotoma (Hack. ex Arech.), Rubus fruticosus, Cytisus scoparius, Rosa rubiginosa, Pilosella spp. and Nassella neesiana [17] .
Problems Caused by Weeds in Pasture

Competition
In pastures, weeds compete with pasture grasses and legumes for resources such as water, light and mineral nutrients [18] . The competitive interaction between weeds and pasture species can lead to a reduction in the survivorship, growth and reproduction of the pasture species if dominated by the weed species [11] . Weed species in pastures can replace the pasture plants through competition [12] . Many studies have demonstrated detrimental competitive effects of weeds such as Cirsium vulgare (Savi) Ten. [19] , Carduus nutans [20] , Cirsium arvense [21] , and Setaria pumila [22] on forage growth and quality.
Allelopathic Plants
Allelopathy can occur as part of interference responses between plants [23] , though allelopathy is generally considered to be less important in plant interference than competition [24] . Wardle [25] has reviewed the allelopathic potential of weeds in the New Zealand pasture ecosystem and found that some of these species release chemicals into their surrounding environment, potentially causing detrimental effects on the production of desirable pasture species [26] . For instance, Jacobaea vulgaris was shown to have an allelopathic influence on perennial ryegrass growth [27] . Wardle et al. [28] also noted that Carduus nutans had a detrimental effect on the growth of six grass species and four legume species, with the most allelopathic impact of the weed recorded at its rosette stage. Smith [26] also reported some allelopathic impacts of Anthemis cotula L. on the seedlings of Medicago sativa L. and Lolium multiflorum. Allelopathic compounds have also been found in some other pasture weed species include Cirsium arvense, Cyperus spp., and Elytrigia repens (L.) Gould [29] . However, Wardle [25] concluded that most of the allelopathic studies involving New Zealand pastoral weeds were conducted under laboratory conditions, and the relative importance of allelopathy compared with competition under field conditions remains unclear.
Effect of Weeds on Livestock Health
In pastures, some weeds such as Ranunculus acris [30] can cause acute or chronic poisoning when consumed by livestock. Other weed species such as Jacobaea vulgaris and Conium maculatum L. contain toxic alkaloids that can cause jaundice or birth defects in pregnant animals, respectively, or even death when consumed by cattle [31] . Some weeds such as Nassella trichotoma cause physical injury to livestock leading to secondary viral infections through punctures in the mouth [32] .
The Impact of Weeds on Product Quality
Weeds can reduce the quality and value of livestock products. For example, seed heads from Critesion spp. and thistles such as Cirsium vulgare can reduce the value of wool by contaminating it [32] . Weed species such as Anthemis cotula and Arctotheca calendula (L.) Levyns can taint milk or meat flavor when consumed by stock [32] [33] [34] .
Avoidance and Reduced Pasture Utilization
Weeds in pastures can prevent livestock from accessing the pasture immediately surrounding the weed [29] . Thistle species such as Cirsium arvense with their prickly leaves [35] and poisonous plants such as Ranunculus acris are generally avoided by livestock in pastures [30] . Also, some scrub weeds such as Ulex europaeus and Rubus fruticosus make it difficult for stock to graze the forage growing under the plants, thus reducing pasture utilization. Some weedy plants such as Rumex spp. and Juncus spp. are of low nutritive value and are unpalatable compared with desirable pasture species [36] , and their presence in pastures occupies space that could have been used to grow more nutritious species [32] . Unless a reasonable grazing pressure is maintained, the rejection of certain less preferred weed species by livestock can promote their dominance in pastures [37] .
Chemical Control and Herbicide Resistance
In pastures, herbicides are important for maintaining production. Soon after the initial discovery of the first selective herbicides, MCPA (2-methyl-4-chlorophenoxyacetic acid) and 2,4-D (2,4-dichlorophenoxyacetic acid), there was a rapid increase in their use in New Zealand [14] . The challenge has been to find herbicides that selectively control weeds without damaging the pasture species, as New Zealand pastures are based on mixtures of grasses and broadleaf species such as legumes [38] . Hence, herbicides are often applied using methods such as spot spraying [39] and weed wiping [40, 41] in order to apply non-selective herbicides for selective control of weeds in pastures.
Herbicides Used in New Zealand Pastures
Auxinic Herbicides
Phenoxy herbicides such as MCPA and 2,4-D selectively control many broad-leaved plants without harming grasses [42] . These two herbicides are the most commonly used herbicides in New Zealand pastures for boom spraying because they are cheaper compared with other alternatives [37, 38] . Although MCPA and 2,4-D are chemically very similar, their effectiveness against certain species differs. For instance, Thomson and Saunders [42] showed that 2,4-D compared to MCPA provided better control of Jacobaea vulgaris though MCPA is more effective against thistles [43] and Ranunculus acris [44] . However, farmers usually prefer to use 2,4-D since this herbicide is cheaper than MCPA [45] .
The main problem with MCPA and 2,4-D is that they cause the suppression of clover [42] and are not effective in controlling very mature weeds and perennials [46] . There are other phenoxy herbicides, such as MCPB (4-(4-chloro-2-methylphenoxy)butanoic acid) and 2,4-DB (4-(2,4-dichlorophenoxy)butyric acid), that do not cause any damage to either pasture grasses or clovers [43] . This is because pasture legumes do not convert 2,4-DB and MCPB from their non-toxic forms to the toxic molecules of 2,4-D and MCPA respectively, hence are generally tolerant of these herbicides [33] . However, MCPB and 2,4-DB are not used as extensively as other phenoxy herbicides because of their relatively higher cost and lower efficacy against mature weeds than MCPA and 2,4-D [43] .
In New Zealand pastures, a benzoic acid group herbicide, dicamba, and pyridine group herbicides, clopyralid, aminopyralid, picloram and triclopyr, are the other auxinic herbicides that are sprayed in mixtures to control a broad spectrum of weeds, but they are toxic to clover [14, 47, 48] . Although these herbicides are more readily translocated within the plant than MCPA or 2,4-D, they have a persistent soil residual activity which will preclude re-planting of clover for months [14] . In New Zealand pastures, these herbicides are commonly used for spot spraying to control weed species that are difficult to kill, and which survive boom spraying, as spot spraying reduces the effects on clover production [39] . They are also excellent for application by herbicide wipers because of their superior translocation within plants, which also helps to minimize damage to pasture [40, 41, 49, 50 ].
Acetolactate Synthase-Inhibitor (ALS-inhibitor) Herbicides
ALS-inhibitor herbicides are effective against a wide range of weed species in pasture and arable crops [51] [52] [53] . These herbicides have become popular because of very low application rates, low mammalian toxicity and excellent herbicidal activity [54] . Flumetsulam and thifensulfuron are two ALS-inhibitor herbicides selective enough to be applied to New Zealand pastures and are used to manage Ranunculus spp. [55, 56] , and Rumex spp. [14] . Metsulfuron-methyl is another ALS-inhibitor herbicide used in pastures, because of its excellent translocation properties, but its lack of selectivity means that it is used as a spot application [39] or with wiper applications [41] . Boom spraying of this herbicide is not recommended as this will lead to the complete removal of clovers and suppression of ryegrass and will also affect the re-establishment of pasture species due to residues lasting up to three months within the soil depending on soil pH [57, 58] .
Other Herbicides
In New Zealand pastures, there is the occasional use of herbicides that are not auxinic or ALS-inhibitors for selective control of weeds. Fenoxaprop is an acetyl CoA carboxylase (ACCase) inhibitor and is used for selective control of Setaria pumila in pastures [59] . Bentazone is a photosystem II inhibitor (benzothiadiazinone group) which is used for control of weed seedlings in new pastures but can also be applied 1-5 days after MCPA to give good control of Ranunculus acris [38] . Glyphosate (5-enolpyruvylshikimate-3-phosphate (EPSP) synthase inhibitor) is a non-selective herbicide that is occasionally used in New Zealand pastures for spot application to control grasses, herbaceous plants including deep-rooted perennial weeds, and some shrub species [14, 60] . Glyphosate is more important for pasture renovation in New Zealand as it leaves no residues [61] . The application of glyphosate for pasture renovation also provides a relatively weed-free environment for the drilling of seeds [62] . Glyphosate has also been used for wiper application to tall weeds within established pastures because of its ability to move into underground organs of perennial weeds [41, 63] .
Herbicide Resistance in New Zealand Pastoral Weeds
Herbicide resistance in weeds occurs in situations where herbicides with similar modes of action are applied for several years continuously [64] . Currently, there are 13 weed species that have evolved resistance to one or more herbicides in different New Zealand agricultural sectors [38, 47, 48, [65] [66] [67] [68] [69] . Four weed species have so far become resistant to one or more herbicides in New Zealand pastures [38, 70, 71] , with the first cases reported in the early 1980 s [41] .
The frequent use of phenoxy herbicides 2,4-D, MCPA and MCPB, has led to biotypes of Carduus nutans and Carduus pycnocephalus L. that are resistant to this group of herbicides [38, 72, 73] . Biotypes of Ranunculus acris have also evolved resistance to MCPA [74] . Repeated application of phenoxy herbicides annually has promoted these cases of resistance, partly because of their effect on animal production if left unsprayed, and partly because there was a legal obligation to control Carduus nutans in some areas. More recently, Lusk et al. [56] reported resistance of Ranunculus acris to flumetsulam and thifensulfuron after about 20 years of applications of mainly flumetsulam to manage MCPA-resistant Ranunculus acris populations in pastures. Nassella neesiana is the other pasture weed species that has evolved herbicide resistance, in this case to dalapon, a lipid inhibitor, within one isolated population [75] .
In order to prolong the useful lifetimes of the few herbicides that can be used in pastures, implementing sustainable weed control programs is important [76, 77] . Several strategies have been developed for preventing evolution of herbicide-resistant weed species in New Zealand pastures [38] . Diversity in weed management methods is important for reducing the risk of herbicide resistance evolving in pasture weeds. For instance, it is recommended to alternate annually between MCPA in one year and flumetsulam in the following year for sustainable control of Ranunculus acris [78] . Another option is to apply herbicides with a different mode of action such as glyphosate using weed wipers or spot applications [41] .
A related matter is the recent evolution of resistance to glyphosate in ryegrass species in some New Zealand vineyards [61, 66] , which has raised concerns regarding the spread of the resistance gene to ryegrass within pastures [67, 79] . Perennial ryegrass is an obligate outcrossing species [80] , and this could result in pollen from glyphosate-resistant plants being dispersed to neighboring plants. This could have some advantages if the ryegrass could then tolerate glyphosate, but it would also cause problems when pastures were sprayed out with glyphosate for cropping or pasture renewal. However, seeds produced from inadvertent crossing of glyphosate-resistant ryegrass with ryegrass plants in pastures may not be able to recruit within the pasture due to the competitive nature of swards grown in New Zealand.
Agronomic Tactics for Pasture Weed Control
Grazing management and the establishment of competitive and persistent pasture species are agronomic tactics that are commonly used to improve weed management in New Zealand pastures [11] , making herbicide use less necessary. Grazing management can improve pastoral weed management by keeping pastures as dense as possible throughout the year, thus improving the plant competition which reduces weed establishment rates and population size [14, 38] . Many studies have demonstrated the influence of grazing management on competition of pasture plants against weed establishment and growth. For instance, Silvertown and Smith [81] noted a significant impact of grazing management on reducing spring establishment of Cirsium vulgare in pastures. They showed that the rate of seedling establishment for Cirsium vulgare was increased in pastures where the swards were over-grazed. Similarly, Forcella and Wood [82] noted that over-grazing increased seedling survival, transition rate from rosette to flowering and seed production in Cirsium vulgare due to a reduction in competition from neighboring pasture plants.
The success of grazing management for weed management in pastures depends on grazing time, grazing intensity and pressure, animal stocking rates and the class of stock (e.g., sheep vs. goat) [83] . If grazing is used as a tactic for weed management, one should consider the time when the weed is most susceptible to livestock grazing [84] . For instance, Hartley et al. [85] noted that hard grazing of Critesion murinum (L.) Á.Löve in spring before flowering led to a reduction in the number of seeds per head and could eradicate this species from pastures after 3 years of sheep grazing. Although hard grazing in spring could be a powerful tactic for managing weeds through removing their flower heads and reducing seed production [83] , increasing the level of grazing intensity in late summer and early autumn can provide an opportunity for new weeds to establish in pastures [14] . Harker et al. [86] noted that heavy grazing in summer weakened the regrowth of perennial grasses in pasture and as a result this led to an increase in the level of weed infestation. Schuster et al. [87] found winter cattle grazing resulted in a reduction in weed infestation, and the level of grazing intensity significantly affected the number of emerged weed seedlings, and the weed seed bank size. Espie [88] found that while high-intensity grazing increased establishment of Pilosella species, low-intensity spring-summer grazing significantly reduced the number of upright Pilosella species, but not prostrate ones.
The class of stock grazing pastures can influence the richness of weed species as the intensity of damage to weeds can vary between types of livestock due to different diet selection behavior [83] . For instance, goats are more likely than sheep or cattle to eat upright, spiny and woody weeds such as Rubus fruticosus [89] , Ulex europaeus [90] and Juncus spp. [83] . Sheep can provide good control of Ranunculus acris [83] and Jacobaea vulgaris [91] in cattle grazed pastures where these weed species have dominated due to avoidance of them by cattle [14] .
In addition to management of grazing, maximizing competition by pastoral species with weeds is another agronomic tactic that can be used for pastoral weed management [13] . Pasture species differ in their effectiveness for competing with weed species since they differ in growth forms and patterns and are sown at different densities [14] . Both grasses and legumes can be used to suppress weed seedling emergence and survival [92, 93] . However, grass species such as Lolium perenne are more suppressive than legumes against weeds as they provide higher ground cover density than legumes [92] , so can compete strongly with the seedlings of weeds [94, 95] .
It has been suggested that using a wider range of pastoral plant species could reduce weed invasion in pastures since less unexploited resources (i.e., moisture and nutrients) will remain for weeds when pastures are sown with more than two species [96] . Sanderson et al. [97] reported that the inclusion of diverse forage species in grass-legume mixtures reduced weed ingress simply because the greater herbage mass prevented weed invasion. Also, Tozer et al. [98] stated that the addition of forage herbs, Cichorium intybus L. or Plantago lanceolate L., in grass-legume mixtures reduced weed infestations in sheep and beef farms.
Theoretically, the results from the manipulation of plant competition studies suggest that including a high proportion of competitive plant species in pastoral mixtures would maximize weed management efficacy as the competitive plant species would suppress weed seedlings. However, in practice it is not simple as pastures often confront biotic (e.g., pests) and abiotic (e.g., drought stress) constraints that provide openings in swards for weeds to establish [99] . Also, preferential grazing by livestock of desirable pasture species can change the competitive balance of pasture plant mixtures in favor of weeds, causing an increase in weed ingress [100] . Thus, simply using competitive plant species as a single tactic may not guarantee sustainable weed management in pastures. However, combined agronomic strategies such as using competitive plant species with good grazing management are used routinely by skilled farmers, and will become increasingly important in areas where the evolution of herbicide resistance develops to the currently available herbicides for pastoral weeds in New Zealand [38] .
Biological Control of Weeds
Biological control of weeds in New Zealand pastures has been extensively reviewed by Bourdôt et al. [14] , so here we focus on recent research and developments. Biological weed control in New Zealand pastures is categorized into classical methods (e.g., using insects) and bioherbicides (i.e., pathogenic agents) [101] . For classical biological control, research projects have been undertaken for several New Zealand pastoral weeds, including Jacobaea vulgaris [102] , Hypericum perforatum [103] , Carduus nutans [104] , Jacobaea vulgaris [105] and Cirsium arvense [106] . Unfortunately, most of the published results from this work only involve small-scale experimental studies prior to widespread release of organisms. There has seldom been rigorous evidence provided of the success of classical biological control of pastoral weeds in New Zealand following these initial assessments.
However, there are some reports claiming successful pastoral weed management using insects. For instance, it has been reported that the introduction of a beetle, Chrysolina hyperici Forster, has resulted in substantial biological control of Hypericum perforatum L.in New Zealand pastures [102] . It is also claimed that biological control has had a major effect on Jacobaea vulgaris and a moderate effect on Carduus nutans (Suckling, 2013) . However, it is often not clear whether the suppression of weed populations is due to the biological control agents or other factors. Cripps et al. [107] evaluated the performance of Cirsium arvense under a combination of neighboring plant competition and the herbivorous agent, Cassida rubiginosa, and they found competition from neighboring pasture species was more important for Cirsium arvense suppression than the herbivory from the insect. Further studies are needed for other biological control agents released to date in order to provide rigorous evidence of whether the reported weed suppression is due to the biological agent.
Bourdôt et al. [14] reviewed several cases of bio-herbicide research for pastoral weed control in New Zealand prior to 2006, and the potential of other plant pathogenic agents for pastoral weed control in New Zealand has been further evaluated since then [108] [109] [110] . However, to date, none of these findings have resulted in commercially available, registered bio-herbicide products for a variety of reasons, including problems with formulation and efficacy. Although bio-herbicides might have the potential to assist with future weed management systems in New Zealand pastures, further research is needed to make them a viable option. Very few bio-herbicides have been successfully commercialized worldwide, and formulation is often the obstacle as it might take several years of study to develop a suitable formulation for bio-herbicides [111] .
Integrated Weed Management
An "integrated weed management" approach has been strongly advocated for managing weeds [77, 112] .
With integrated weed management, a combination of chemical and non-chemical methods is employed to provide a better solution for weed control [113] . This can delay the adaptation of weeds to control methods such as the application of herbicides and evolution of resistance to herbicides within weed populations by reducing selection pressure [114] .
In perennial pastures, an integrated weed management approach could consist of a combination of chemical methods (e.g., herbicide strategies), cultural methods (e.g., pasture and grazing management techniques), physical methods (e.g., mowing, or mechanical removal of plants surviving herbicides) and biological control methods. King et al. [115] illustrated this when they suggested the implementation of a range of physical and cultural control options such as manual or mechanical removal techniques and the application of herbicides (e.g., triclopyr and glyphosate) could provide the best control of Ulex europaeus in pastures. In another example, by using an optimization model, Chalak-Haghighi et al. [43] suggested a range of scenarios that could be used to manage Cirsium arvense in pastures. For instance, they showed that for a low density of Cirsium arvense (1-15 shoots m −2 ), the best strategy is a combination of the application of MCPA and intensified grazing but for a higher density of Cirsium arvense (15-40 shoots m −2 ), the best strategy is mowing in late summer plus chemical options and grazing management techniques.
These studies suggest that combining different weed management tactics and including both chemical and non-chemical approaches can offer an integrated approach which is cost effective for pastoral weed management. Integrated weed management also provides diversity which is a key factor for reducing the risk of evolution of herbicide-resistant weeds in pasture where there is a limited number of chemical options available [38] . These concepts are illustrated by strategies discussed by Harrington [116] and communicated to farmers in a variety of ways including using a website [78] . During the period of 1980-1995, numerous sites were found in New Zealand where the biennial thistle species Carduus nutans had developed resistance to the phenoxy herbicides MCPA, MCPB and 2,4-D due to annual applications of these herbicides for several decades. Herbicide options to deal with these weeds were to add low amounts of clopyralid to any of these phenoxy herbicides when applied, or to apply glyphosate or clopyralid to the thistles using a weed wiper after bolting but before flowering to prevent seeding. Pasture management techniques involved mainly keeping pasture competitive throughout the year to stop new plants germinating. As most of the seedlings establish in autumn after rainfall following periods of summer drought, strategies discussed by Harrington [116] were to improve the drought tolerance of pastures by adding species more tolerant of dryness than the commonly used Lolium perenne, such as Dactylis glomerata L. or Festuca arundinacea. Growing fodder crops over summer such as brassica crops and lucerne would reduce the grazing pressure on pastures in the remainder of the farm, making them more competitive through the autumn period. Goats will eat the bolting thistles more effectively than cattle or sheep, reducing seed production. Cattle leave more pasture following grazing than sheep, which helps keep pastures competitive against thistle seedlings. Some biological control is provided by Rhinocyllus conicus Froel., Trichosirocalus horridus Panzer and Urophora solstitialis Linnaeus Rhinocyllus conicus Froel., Trichosirocalus horridus Panzer and Urophora solstitialis Linnaeus [117] . In 2019, reports of phenoxy resistance in Carduus nutans are now seldom received.
Conclusions and Future Directions
Weeds can generally be prevented from causing a major impediment to production from New Zealand pastures due to their management by farmers. This includes the use of good pasture and grazing management techniques, effective utilization of selective herbicides that prevent domination by weeds while conserving the clover component of the swards, and with some assistance from biological control. Herbicides are used more extensively on farms where high returns per hectare can justify the costs involved, especially dairying but also animal production units based on fertile farmland where production is high. Lower profits are made from steep hill country properties. So, herbicides are often used much less, and more reliance is placed on the use of grazing management, including cross-grazing between cattle and sheep, and increased fencing to allow greater grazing pressure. The aerial application of fertilizers has occurred for many decades on this hill country to improve pasture competition against weeds, and herbicides such as 2,4-D can also occasionally be applied by airplane or helicopter to these hilly pastures when weed densities become too high.
However, changes in New Zealand farming systems can mean changes in weed control strategies. Consumer preferences for food produced without pesticides or minimal pesticides have created market forces that encourage a move to farming systems that use less or no herbicides. Research in New Zealand has shown that in the absence of herbicides on organic dairy farms, high pasture production can still be achieved by managing weeds using pasture and grazing management [118] [119] [120] . However, within such systems, there needs to be more tolerance by farmers of low weed densities within pastures, many of which are eaten by livestock and have some benefits [121] .
Another New Zealand farming trend has been to grow more complex pasture mixes than simply a grass/legume mix. Cichorium intybus is often added to give a deeper rooting herb for summer production [122] , but as this is an Asteraceae species, most phenoxy herbicides can no longer be used. Likewise, many swards are now being planted with Plantago lanceolata L. included as recent research has shown this species will reduce nitrogen leaching into waterways due to reduced nitrogen content of animal urine [123] . This also greatly reduces the range of selective herbicides that can be used.
Over time, changes in weed flora can occur, towards species not well controlled by current herbicide methods. Grass weeds are always difficult to selectively remove from grass-based swards using herbicides. Critesion spp. are sharp-awned annual grasses which have caused problems for many decades in New Zealand sheep pastures [14] . Recently, another sharp-awned grass, Setaria pumila, has been aggressively invading high value dairy pastures [22] , and some hill country pastures are now being invaded by Nassella spp. [17] . Other low producing grasses such as Agrostis spp. have always been difficult to remove from ryegrass pastures, especially in hill country where regrassing strategies are more difficult. Although some herbicide options are available for grass weeds, they are often not very successful.
Therefore, although herbicides can be used to control many weeds in simple ryegrass/clover pastures, research in New Zealand will need to continue refining non-herbicide control techniques to deal with weeds in more complex pastures swards, for organic farming systems, and to deal with weeds that are not easily controlled using current herbicides. There is also the potential for more use of herbicide application equipment that selectively wipes herbicides on tall weeds [41] , or that can efficiently apply herbicide only to patches of weeds through various optical recognition technologies [124] .
